Background: The pathophysiology of early brain injury (EBI) after subarachnoid hemorrhage (SAH) is poorly understood. The present study evaluates the influence of zinc transporter 3 (ZnT3) knockout and the depletion of vesicular zinc on EBI. Methodology: SAH was induced in ZnT3 KO mice by internal carotid artery perforation. The changes in behavior were recorded at 24 hours after SAH. Hematoxylin-eosin, Nissl and TUNEL staining were performed to evaluate neuronal apoptosis. Data from mice with a score of 8-12 in intracerebral bleeding (i.e. moderate SAH), were analyzed. Results: The degree of SAH-induced neuronal injury was directly correlated to the amount of blood lost, which in turn was negatively reflected in their behavior. The Wild Type (WT)-SAH group behaved poorly when compared to the knockout (KO)-SAH mice and their poor neurological score was accompanied by an increase in the number of apoptotic neurons. Conversely, the improvement of behavior in the KO-SAH group was associated with a marked reduction in apoptotic neurons. Conclusions: These results suggest that ZnT3 knockout may have played a vital role in the attenuation of neuronal injury after SAH and that ZnT3 may prove to be a potential therapeutic target for neuroprotection in EBI.
Introduction
Subarachnoid hemorrhage (SAH) is a severely debilitating condition where internal bleeding in the subarachnoid space exerts pressure on the brain causing tissue injury. Although SAH accounts for only 5% of brain stroke, the mortality is as high as 27.3%. [1] [2] [3] SAH is associated with vasoconstriction of cerebral arteries, and secondary complications leading to early brain injury (EBI), the primary cause of mortality in SAH. EBI encompasses the immediate injury to the brain as whole within the first 72 hours of the ictus, secondary to SAH. [4, 5] One of the early brain injuries is the alteration of blood-brain barrier permeability after SAH. [4, 6] Multiple factors have been found to be involved in the complex pathophysiology of EBI, such as delayed neuronal injury/ death, impairment of neurovascular coupling, oxidative stress and inflammatory destruction of the parenchyma, and ischemic deficits leading to cortical spreading depression. [1, 7] Delayed cerebral vasospasm after SAH has been reported as a major factor in predicting a poor prognosis of SAH. [8] However, it should be noted that cerebral vasospasm (CVS) is different from EBI, and the remission of CVS may not predict the improvement of SAH. The current model of SAH mimics EBI, where the delayed neurological deficit (DIND) and neuronal death, the associated sequelae, are regarded as the markers for EBI. Early brain injury was proposed to be a major factor influencing the prognosis of SAH, [4] where the severity of EBI shows a positive correlation with the clinical prognosis of SAH.
Neurobehavioral changes in SAH patients are mainly attributed to the excitatory neurotoxicity. [5.9] There is ample evidence suggesting the role of excitatory amino acid neurotransmitters, such as N-methyl D-aspartate, in the apoptotic neuronal death that follows SAH. [10] Zinc, an abundant transition element in the mammalian central nervous system, also plays a pivotal role in ischemic neurodegeneration. Ten percent to 15% of the total zinc is stored in the synaptic vesicles of glutamatergic neurons, [11, 12] that are mainly distributed in the hippocampus and cortex. [13] Under physiological conditions, synaptic activation leads to the release of zinc into the synaptic cleft, where it acts as a neuromodulator for NMDA, AMPA, GABA and glycine receptor-mediated transmission. [14, 15] Whereas in pathological conditions, such as stroke, cerebral ischemia, and Alzheimer's disease, excessive zinc is released from the synaptic vesicles, which in turn leads to a toxic influx of zinc through the glutamate receptors or calcium channels, resulting in the accumulation of zinc in the degenerating neurons, especially in the hippocampal hilus and CA1, cerebral cortex, thalamus, striatum, and amygdala. [16] [17] [18] Extracellular zinc has potent apoptotic activity and its concentration is tightly regulated to maintain homeostasis.
NEUROPROTECTIVE EFFECT OF ZNT3 KNOCKOUT ON SUBARACHNOID HEMORRHAGE
Zinc transporters play a key role in the distribution of zinc. [19] ZnT3 is a major zinc transporter which is responsible for the transport of zinc into the synaptic vesicles. 
Materials and methods

Establishment of SAH animal model
In the WT-SAH group and ZnT3 KO-SAH group, the internal carotid artery puncture was used to establish SAH, as described elsewhere. artery. This experimental model (endovascular perforation) has been widely used to mimic SAH due to aneurysm rupture, [4, 5] however the mortality rate is generally high (30-50%).
The surviving animals were allowed to recover in a temperature-controlled facility with pain medications and free access to water and food.
Neurobehavioral evaluation and scoring of blood loss during SAH
At 24 h after surgery, neurobehavioral evaluation was performed and the scores were recorded using the method reported by Garcia et al. [25] After neurological scoring, the mice were sacrificed and brains were harvested 
Results
Genotyping of ZnT3 mice
The primer sequence and PCR-gel electrophoresis for genotyping are shown in supplementary Figure 1 . Mice were screened according to the instructions for the ZnT3 KO mice developed by the Jackson Laboratory (Bar Harbor, ME, USA). The knockout used in this study was a total knockout and no specific phenotypes were observed in these mice, as confirmed by the Jackson Laboratory and reports elsewhere. [18, 20] Scoring for SAH in terms of intracerebral blood loss Intracerebral bleeding, as represented by the volume of blood lost, was scored using the grading method described previously. 
Neurobehavioral scoring after SAH
Hematoxylin-Eosin staining
Hematoxylin and eosin (HE) staining was used to illustrate the changes in the morphology of cells in the CA1 region of the hippocampus as previously described. 
TUNEL assay
Images of the cortical brain region of mice in different groups, stained for TUNEL assay, were analyzed using the Image ProPlus, and were compared and presented in Figure 4 . Mean number of cells with DNA breaks detected by TUNEL assay was significantly higher in the WT-SAH and KO-SAH groups ( Figure 4B In the present study, the scoring system described by Sugawara et al., was employed to evaluate the intracerebral bleeding (blood loss) after SAH, which ensures adequate control and normalization of the volume of blood lost. [22] Only those mice with a score of 8-12 were advanced further in studies.
Neurobehavioral changes after SAH were evaluated using the method developed by Garcia and colleagues, [25] [30] However, in a more recent study it was found that in rats with SAH there was reduced blood levels of Zn and increased loss of Zn in the urine. [31] It should also be noted that Zn in the injured brain may originate from other sources than synaptic vesicles and be independent of ZnT3. [32] . There is also conflicting evidence on the role of Zn based on a study of mice in which it was found that the ZnT3 knockout group had increased damage after TBI compared with WT control group. [15] There are very few studies on the role of free zinc in EBI secondary . Reports elsewhere also demonstrate a reduction in synaptic Zn-concentration using ZnT3 knockout models. [18] Evidence suggests that zinc chelators, like clioquinol (CQ), may attenuate neuronal death by reduction of caspase-3 activation.
[26] Dp-99 is another promising zinc chelator, which was found to be protective clinically in stroke patients, in addition to its efficacy in animal models. [17] 
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